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ABSTRACT

This thesis presents the results of investigations into an interior
permanent magnet (IPM) machine having characteristics which are
superior to those available from an existing type. The improvements
are made to a conventional IPM machine having radially mounted
magnets on the direct axis, by shaping the rotor airgap profile.

In

the new machine the airgap length is gradually increased towards
the quadrature axis in comparison to the airgap length along the
direct axis.

Finite element simulations show that a near sinusoidal

distribution of airgap flux density due to the magnets can be achieved
while reducing the quadrature axis inductance (Lq).

It has been

shown that the shaped pole machine has significantly reduced
cogging torque. The torque pulsations in the total torque and also in
the reluctance torque versus load angle characteristics are reduced
in the case of shaped pole machine. It is shown that the shaped pole
machine has a higher total torque within the normal operating mode
in comparison to that of the uniform airgap machine.

The new

machine also gives a linear torque versus current relationship even at
currents much higher than the rated current. The simulation results
show that the saturation effects are less in the new shaped pole
machine.

The reduced Lq of the new IPM machine may provide an

advantage in vector control using controlled quadrature axis current
making the machine fast responding. The reduced Lq will impose a
reduced voltage rating on the current controlled inverter supplying
the machine.
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CHAPTER 1
INTRODUCTION

1.1 Electrical motors in the past and the present

Over the years the demand for different types of electric motors
and drive systems have undergone many changes. The d.c. motor
being quite versatile in its controllability is still used in industrial
environments. However, there is a strong tendency to change over
to a.c. brushless motors such as induction motors controlled by
versatile solid-state controllers. By far the induction motor is still
considered the industry workhorse.

A study conducted by the Department of Energy of the US in 1980
has shown that integral horse power induction motors converting
6.6X1011 kwh per year have losses in the order of 8.3X1010 kwh
[1].

A viable solution to reduce these losses would be permanent

magnet (PM) motors which have received a renewed interest in
the recent years primarily due to the development of new types of
permanent magnet materials.
losses which

PM motors eliminate excitation

are inherent in induction

synchronous motors.

and wound

rotor

Preliminary calculations have shown that

2 .8 x l0 10 kwh of electrical energy per year can be saved by the use
of PM motors [1].

A further study undertaken by the Corporate Research and
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Development Centre of General Electric has also shown that high
efficiency PM motors in the range of 1 hp to 125 hp can recover
the difference in initial cost of PM motors and induction motors of
similar capacity within 2.5 years with 4000 hours of operation per
year [1].

PM motors can be designed to be mechanically reliable so that high
speed operation is possible.

They can be operated at high power

factors compared to induction motors as excitation is provided
within the motor itself. The absence of slip rings in PM motors is
also a significant advantage over conventional wound rotor
synchronous motors.

The new rare-earth magnet materials have

led to the development of permanent magnet motors having high
torque/volume ratios thus enabling compact designs.
with

these

basic

advantages,

the

development

Together
of control

methodologies such as vector control techniques have also made
PM motors very attractive in high performance applications such as
servo-drives for machine tools and robots [2].

There are other types of motors such as the Switched Reluctance
(SR) motor and the Anisotropic Reluctance (AR) motor which have
been considered in the recent years.

It is stated that the AR

motors can develop a higher torque compared to an induction
motor of the same frame size [3]. It can be anticipated that in the
years to come, different types of motors and the way they are
controlled will still be a flourishing area of research.

3

1.2 Survey of previous research on permanent magnet machines

Most of the past research on PM motors have been concentrated
on the development of rotor configurations.

The aspects of

relevance were the positioning of the magnets, the types of
perm anent

magnet

materials,

robustness,

sim plicity

of

construction and optimum output.

magnet

cage bar
/

laminated
ring
iron-bridge

slot to
reduce
leakage

magnetic hub
flux barrier

magnetic shaft

Figure 1.1 4-pole rotor configuration of the 'Permasyn' by
Merrill [4].

One of the early permanent magnet motors developed by Merrill
[4] has a rotor structure shown in Figure 1.1 employing integral
cast magnets or magnet blocks.

The magnet assembly is then

inserted into an outer ring of laminations which consists of a cage
winding for self starting which also holds the magnets.

This

4

motor, which was known as the ’Permasyn’, faced strong leakage
flux problems from one pole to another through the outer ring of
laminations.

The motor offered little or almost no reluctance

action and was very sensitive to the voltage rise during starting,
risking partial demagnetisation [5].

Figure 1.2

Rotor developed by Honsinger [5].

Honsinger [5] developed the rotor configuration shown in Figure
1.2 by mounting the permanent magnets within the flux barrier of
a conventional

reluctance motor where

the magnets were

positioned in the upper slot region around the quadrature axis to
reduce the quadrature axis flux.

This rotor construction is

complicated and the presence of the flux barriers block the direct
axis flux.

5

Figure 1.3 A rotor configuration of the Isosyn motor [6].

A French company, CEM, developed a new type of brushless self
starting synchronous motor known as Isosyn [6]. The rotor of this
motor is equipped with both a cage and Recoma 20 magnets as
shown in Figure 1.3.

The poles of the synchronous motor are

formed by the magnets. In this motor, start up and transition from
asynchronous to synchronous operation are possible for external
moment of inertias of upto 20 times that of the motor’s own rotor
[6].

The demagnetization during transition from the synchronous

to the asynchronous phase when the motor is overloaded is not
dangerous in this design.

Together with the elimination of any

rotor losses the machine also has reduced stator losses leading to a
higher efficiency and a better power factor.

The power to weight

ratio of this motor was more favourable than in the case of
comparable asynchronous motors.

6

Another four pole motor configuration [7] ensuring optimal use of
expensive magnetic materials, maintaining a flux per pole in the
airgap at a level higher than the flux produced by one magnet alone
is shown in Figure 1.4.

rotor iron
lam in atio n

.non-magnetic
m aterial

©

©/m agnet

non-magnetic
steel shaft

rotor cage bar

Figure 1.4 Rotor configuration of a high field self-starting
permanent magnet motor [7].

In this rotor the magnets are arranged perpendicularly so that
leakage fluxes from the magnets are almost completely eliminated
and some of the useful flux passes through two magnets resulting
in a greater flux leaving the rotor pole than the flux passing
through any one magnet.

Unlike the hybrid permanent magnet

machines which combine field alignment action due to permanent
magnet and the reluctance action, this high-field machine has very
little

reluctance

action

and

the

rotor

configuration

is
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unsymmetrical about the axis of rotation resulting in a difference in
performance between the two directions of rotation.

This effect

can be used to advantage one direction of rotation giving a leading
power factor and the other a lagging power factor [7].

A wide

range

motor.

of magnetic

materials

can be used

in this

Experimental work on the use of different types of magnets [8]
shows

that

the

best

performance

can

be

achieved

from

Neodymium-Iron-Boron (Nd-Fe-B) magnets but with the limited
working temperature.

Figure 1.5 Imbricated rotor and motor assembly [9,4].

Another

motor

that

has

been

recently

developed

with

a

multistacked imbricated rotor configuration is shown in Figure 1.5.
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The rotor comprises a stack of similar units each consisting of two
multipolar steel flux guides with axially magnetized disc magnets
sandwiched between them.

This imbricated rotor motor has a

high torque to inertia ratio and a high power to weight ratio.

For

its physical size the efficiency and power factor are high [9].

Figure 1.6

Rotor configuration of Siemens permanent magnet
motor [10].

In the rotor configuration shown in Figure 1.6 developed by
Siemens [10], mounting the permanent magnets between separate
core segments in a die-cast cage offered a large area for ceramic
magnets producing a strong field in the airgap.

This machine

exhibited a good synchronous performance but experienced
generating action due to the permanent magnets which fed back a

9

voltage at a speed dependent frequency into the supply causing
braking torque in asynchronous mode of operation [5]. The motor
also has limited flux paths for induction motor action during
asynchronous mode of operation.

c

is

thin
asbestos
sheet

conducting
m aterial

Figure 1.7 Rotor configuration of a motor having two permanent
magnets on each side of a pole [11].

A less complicated rotor configuration [11] illustrated in Figure 1.7
shows a cylindrical body having a number of circumferentially
spaced slots extending inwards from their outer peripheries to
receive rectangular magnets.

The manufacturing of this rotor is

relatively easy and the cost is less in comparison to some other
designs.

In this rotor the pole pieces formed by stacks of

laminations are located between the slots and the permanent
magnets in the slots are arranged to give like polarity on either

10

side of the pole pieces. In the above configuration the magnets are
fixed radially with innermost ends to be a very good interference
fit on the lamination. The outer ends of the magnets are exposed
to the airgap to direct the flux in a radially outward direction
across the airgap between stator and rotor. The rotor also consists
of a cage of conductors forming a squirrel cage as in an induction
motor for the purpose of self starting. This machine has the ability
to start against high inertia loads.

bars

Figure 1.8 A 4-pole rotor having one permanent magnet per
slot [12].

Further

development

in

rotor

configurations

[12]

was by

incorporating one magnet in each slot with its magnetic axis
extending tangentially providing a magnetic shoe adjacent to each
main pole extending radially as shown in Figure 1.8. The magnetic

11

shoes are arranged to be at least partially isolated from the pole
pieces by flux barriers so that the magnets induce similar fields as
in the previous design shown in Figure 1.7, at the periphery of the
rotor.

A familiar rotor configuration of interior permanent magnet motors
which has been used in various research [1,13,14-16] contains
radially oriented buried magnets inside the rotor core.
shows one of these rotor configurations.

Figure 1.9

Instead of circular flux

barriers shown, radially oriented flux barriers also have been used.
The motor of this rotor configuration is robust and suitable for high
speed operation.

Buried magnets are also less sensitive to

demagnetization caused by the stator current [13]. The airgap flux
density due to the magnets of this motor is less due to flux leakage

Figure 1.9 Radially oriented buried permanent magnet rotor
configuration [13].
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between poles [1]. Any type of permanent magnet can be used in
this rotor configuration.

The operational sensitivity depends on

the type of permanent magnet used and effective saliency of the
motor.

Other aspects of PM motors which have been investigated in the
recent years are the harmonic fields and the core losses.

Schiferl

and Lipo [14] gave a qualitative analysis of the origin of harmonic
fields and core losses in buried permanent magnet motors.
Theoretical investigations using finite element analysis showed that
core loss due to harmonic fields is minimum at open circuit voltage
and begins to increase with decreasing applied voltage below this
point. This unusual variation is due to the airgap field distortion
resulting from localized rotor saturation [14].

Further research [15] has been undertaken to consider the effects
of demagnetisation and magnetisation armature reaction and
saturation under different operating conditions.

Detailed

representation of buried permanent magnet machines by an
equivalent circuit with new parameters that can be determined by
experimental tests has also been an outcome of this work.

The

proposed equivalent circuit is useful in computing the losses and
efficiency of buried PM machines under any operating condition
and saturation level.

The impact of the saliency of the PM motors on their performance
when supplied by solid-state controllers has been investigated [16].
In the flux weakening mode, with increased current levels at high

13

torque the reluctance torque has been found to dominate the field
alignment torque.

Another aspect which has been considered is the estimation of
parameters of PM motors.

Estimation of parameters of rare-earth

permanent magnet motors by static test measurements shows that
the recognized steady-state equivalent circuits based on the
classical two-axis analysis for salient pole machines can be used for
PM machine as well [ 17]. The parameters derived by static tests in
conjunction with load tests have led to the development of certain
relationships which describe the variation of the machine
parameters with saturation.

In conventional PM motors with buried rare-earth magnets, the
quadrature axis inductance is much greater than the direct axis
inductance primarily due to the large effective airgap offered by the
magnet itself.

In the machines that have been investigated in the

past, ratio of quadrature axis inductance to direct axis inductance
has been found to be in the range of 3 to 6. The high quadrature
axis inductance is not a favourable attribute for vector control of
PM motors [18].

1.3 Contributions made and outline of the thesis

The work presented in this thesis is aimed at developing an
improved rotor configuration having buried magnets which will
still maintain the essential advantages of already developed interior
permanent magnet (IPM) motors.

The effective salienev of the

14

existing IPM motors is critical to their operation employing vector
control as the relatively large q-axis inductance affects the capacity
of the power electronics and response characteristics of the motor
drives. The square wave airgap flux density also affects the smooth
operation of the motor.

The most significant features of the new rotor configuration having
a shaped airgap profile are:

(a) the airgap flux density distribution due to the magnets alone is
near sinusoidal,

(b) the quadrature axis inductance (Lq) is significantly reduced in
comparison to that of an existing design similar to the popular
configuration shown in Figure 1.9, and

(c) the cogging torque is significantly reduced even if skewing is
not employed.

Chapter 2 presents arguments which support the development of
the proposed rotor configuration.

This chapter mainly deals with

the magnetic circuit of the IPM motor, effects of saturation,
harmonic fields, existence of slots and airgap.

The chapter also

includes a brief description on the conventional uniform airgap
machine and the proposed shaped pole machine.

Chapter 3 contains a discussion supporting the use of finite

15

element method and introduces the particular finite element
software used for the analysis of the PM motors described in this
thesis.

This Chapter also explains the procedure adopted in

determining the motor characteristics such as the static torque
characteristics, winding flux linkages and machine inductances.

Chapter 4 presents the airgap flux density distributions and
inductances of the uniform airgap and shaped pole IPM machines
obtained using the finite element simulation work.

The effects of

saturation on quadrature axis inductance is presented highlighting
the improvement achieved. The advantages of this reduced q-axis
inductance in vector control of the PM motors are discussed.

The performance comparison of the conventional uniform airgap
machine and the shaped pole machine is presented in Chapter 5.
The cogging torque, reluctance torque and the total torque
characteristics of the two machines are also presented. It is shown
that significant improvements in the torque characteristics of IPM
machine are achieved as a result of shaping the airgap profile of the
rotor.

The benefits of this improved torque characteristics are

discussed.

Results illustrating the degree of demagnetisation of

the permanent magnets at abnormally high current levels are also
presented.

Concluding remarks and future directions are given in Chapter 6.
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CHAPTER 2
CONCEPTS UNDERLYING THE DEVELOPMENT OF THE
IN T E R IO R

PERM ANENT

M AGNET

SHAPED

POLE

MACHINE

2.1 Introduction

From the brief history of research and development of the
permanent magnet motors presented in the previous chapter it is
evident that different rotor configurations have different airgap flux
density distributions and machine parameters.

These are very

important aspects as they influence the torque production
mechanism and the operational characteristics of the machines.
In this chapter a torque equation of an IPM motor is presented and
the factors which influence the different components of torque
and performance of the IPM motor are discussed.

The effect of

the airgap on such influencing factors are explained and it is
shown that an increase in the airgap towards the rotor quadrature
axis of an IPM motor will yield an improved torque and reduce the
quadrature axis inductance. This reduction of the quadrature axis
inductance of the IPM machine particularly makes the machine
suitable for vector control operation. A brief description of an IPM
machine used as a bench mark and the proposed shaped pole
machine are also presented in this chapter.
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2.2 Torque equation

For steady-state operation with negligible damper transients the
torque developed by an IPM synchronous motor can be expressed
in rotor reference frame by Equation (2.1) [16].

Te = l.SPf'Fm IqS + (Ld - Lq) IqS Ids ]

where

(2.1)

Te = torque,
P

= number of poles,

'Fm = permanent magnet flux linkage,
Ld = total d-axis stator inductance,
Lq = total q-axis stator inductance,
Iqs = steady state q-axis stator current, and
Ids = steady state d-axis stator current.
This equation reflects important aspects of the torque production
in an IPM synchronous motor.

The first term of the equation is

the field alignment torque where the magnet flux oriented in rotor
d-axis interacts with the q-axis stator current and hence is
proportional to the product of magnet flux linkage (xFm) and q-axis
stator current (Iqs). This term is similar to the torque produced in
a conventional Surface Mounted Permanent Magnet (SMPM)
synchronous motor.

The second term is the reluctance torque

component where the current induced magnetic flux linkages
along the two axes Ldlds and Lqlqs interact with the orthogonal
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current components Iqs and Ids respectively.

This reluctance

torque term is proportional to the difference of the two axes
inductances resulting from the rotor saliency. Therefore, Equation
(2.1) illustrates that the IPM motor can be interpreted as a hybrid
of the conventional synchronous-reluctance machine and the
SMPM machine.

The performance of IPM machines in variable speed operation
depends on the relative contribution from the field alignment
torque and reluctance torque terms of Equation (2.1).

These

torque components are influenced by different factors such as
saturation, harmonic fields and effective saliency of the rotor
configuration.

Hence, adjustment of the rotor configuration to

reduce the effective saliency, saturation level and harmonic fields
may lead to improvements in the performance of the IPM machine.

2.3 Factors which influence the torque

2.3.1 Structure of the magnetic circuit

An equivalent magnetic circuit is a simplified way of expressing the
behaviour of an electromagnetic system.

Such a circuit is

expressed by Equation (2.2):

(2 . 2 )

T = OR

where

T = magnetomotive force,
O = flux, and
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R = reluctance.
The relationship between the reluctance of a magnetic circuit and
the inductance of an IPM machine can be expressed as given by
Equation (2.3):

N2
L=—

where

(2.3)

L = inductance, and
N = number of turns of the winding producing the
magnetomotive force.

As the torque of a machine given by Equation (2.1) depends on flux
density, current and inductances of the machine, the parameters
of the magnetic circuit are very useful in explaining the torque
variation of the motor and, in turn, the machine performance.

Magnetic circuit parameters of IPM motors are influenced by
magnets, magnetic materials of core and variations in the magnet
working point.

In addition, core saturation and presence of slots

affect the behaviour of the magnetic circuit.

Different rotor

configurations are available for permanent magnet machines having
circumferentially oriented magnets where magnetic circuits need
to be analysed individually [1]. However, this orientation provides
an airgap flux density (due to the magnet) larger than that obtained
for radial magnet orientation, due to "flux squeezing" [1].

20

(a) d-axis flux paths

quadrature axis flux path

q-axis

d-axis

(b) q-axis flux paths
Figure 2.1

Principal magnetic flux paths of an IPM machine [16].
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In radially oriented magnet machines [16] the flux produced by the
d-axis current passes through the two normal airgaps and two
magnet spaces whereas the cross pole flux supported by the q-axis
current passes primarily through the two normal airgaps as
illustrated in Figure 2.1. Therefore, the direct axis inductance is
smaller than the quadrature axis inductance.

The direct axis

inductance is also dependent on the material used for the
permanent magnet.

Direct axis inductance becomes smaller with

lower permeability of magnet materials for a fixed magnet
geometiy in the d-axis of an IPM machine.

H (kA/m)

Figure 2.2 Demagnetization characteristics of some available
permanent magnet materials [19].
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Further, demagnetization characteristics of a permanent magnet
determine the magnet dimensions in the machine design.

Figure

2.2 shows the demagnetization characteristics of some available
permanent magnet materials.

Permanent magnet materials with

high coercive forces which can produce high flux densities in the
airgap lead to high torques [9].

Therefore, the use of magnet

materials having high coercive forces and high flux densities
reduces the magnet dimensions [9,20,21].

The reduction of

magnet dimensions of IPM machines having magnets mounted on
the d-axis, affects the d-axis flux path and, in turn, increases the d
axis inductance.

The magnet working point on the recoil line characteristics varies
with both the rotor position and the magnitude of stator mmf [20].
This variation alters the airgap flux density distribution due to the
magnet.

2.3.2 Saturation effects

Iron core saturation occurs in IPM machines due to the presence
of permanent magnets and strong stator currents. This causes the
m a rh in p

direct axis inductance and quadrature axis inductance to

vary according to nonlinear characteristics of the iron core. Since
the permeance in the rotor q-axis is higher, the saturation effect
with increased current varies differently in the q-axis to that in the
d-axis flux paths and therefore, the variations of the parameters L j
and La are not proportionate. This improportionate variations in
4
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the d- and q-axes inductances affects the reluctance torque term
of the torque Equation (2.1). Further, this anisotropy in saturation
of the iron core causes distortion in the airgap flux density wave
which changes the original fundamental component of airgap flux
density wave and creates more harmonic fields.

This change in

the magnitude of the fundamental component affects the field
alignment torque.

2.3.3 Harmonic fields

The harmonic fields arise in interior permanent magnet motors as
a result of the square flux density wave which contains harmonic
components and due to the interaction of stator mmf with
awkward rotor magnetic structure.

As stated in the previous

section the nonlinear behaviour of the iron core due to saturation
distorts the airgap flux density wave and induces additional
harmonic fields.

Previous research work [14,15] shows that

localised saturation of rotor leakage flux paths, which differ under
different operating conditions, distorts the airgap flux density wave
resulting in harmonic fields.

In IPM machines this distortion of

airgap flux density wave is more pronounced at high demagnetising
armature current where the flux level is low.

The resultant

distorted field which is far from a sinusoid, leads to induced
harmonic currents in the stator. The harmonic components of the
current create ripple in the total torque and increase core losses
[14,22-24].
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2.3.4 Presence of slots

The commonly known cogging torque results from the variation of
magnetic reluctance due to the presence of slots when the rotor
rotates [24].

The cogging torque can be minimized by skewing

either the stator slots or the permanent magnet in the rotor or by
the use of fractional slot windings and slotless armatures.

2.3.5 Effects of controlling the airgap length

Airgap that separates the stator and rotor cores has a significant
impact on the various aspects that influence the torque in the
interior permanent magnet machines.

An increase in the airgap

length in the d-axis of rotor of a conventional IPM machine is less
effective due to the magnets having a permeability which is almost
equal to that of air.

Conversely, the q-axis inductance will be

significantly affected by an equal increase in the airgap length. Any
increase in the airgap length in the area of the rotor quadrature
axis reduces q-axis inductance (Lq) due to an increased reluctance
in the cross-pole magnetic circuit.

This increase in the airgap

length also increases the reluctance of the localized rotor leakage
flux paths and restricts the leakage flux which, in turn, reduces
the airgap flux density wave distortion resulting in a reduction in
harmonics. The saturation level in the q-axis magnetic circuit due
to higher levels of iq component of stator currents will also be less
because of the increased reluctance.

It is evident from Equation (2.1) that the reluctance torque
component is negative for Lq>Ld when the machine runs in the
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normal operating mode (id,iq>0) which means that reluctance
torque always opposes the field alignment torque.

Thus, any

reduction in Lq will lead to an effective increase in the total torque.
A reduction of saturation level will enable the machine to run at
higher current levels in vector control operation using id = 0
method without much distortion in the airgap flux density
distribution.

Further, the id = 0 control method allows high

performance torque control,

as a linear torque versus iq

relationship can be maintained, if the q-axis saturation is
minimum. The operation of the conventional uniform airgap IPM
machine suffers from the rise in terminal voltage due to coLqIq
(where co is the supply frequency) drop especially at higher
current levels [18]. A higher voltage capacity is therefore required
for the current controlled inverter driving the machine.

The

reduction of q-axis inductance due to the modified airgap profile
therefore allows a reduction in the inverter capacity. Further, the
reduced q-axis inductance will improve the dynamic response
characteristics of the IPM motor drive enabling fast control of qaxis current. Therefore, a shaped pole machine with an increased
airgap towards the rotor quadrature axis will exhibit an improved
torque as well as yields significant advantages in variable speed
operation in comparison to a conventional uniform airgap machine.

2.4 Description of the prototype machines

A uniform airgap machine similar to the configuration shown in
Figure 1.9 of Chapter 1 is considered as the bench mark. The iron
bridges in the interpolar region of the rotor were eliminated in
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order to reduce the leakage fluxes from pole to pole.

The new

shaped pole machine was developed by shaping the rotor airgap
profile while keeping the other features unchanged.

Brief

descriptions on the uniform airgap machine and the shaped pole
machine are provided in Sections 2.4.1 and 2.4.2.

2.4.1 Uniform airgap machine

Figure 2.3 shows the rotor configuration of the uniform airgap
machine. The uniform airgap machine consists of a stator similar
to that of a conventional induction motor and a rotor with interior
permanent magnets.

The rotor is equipped with four separate

poles each of which consists of a Neodymium-Iron-Boron (Nd-FeB) permanent magnets bolted on to the rotor core on the stainless
steel shaft.

Figure 2.3 Rotor configuration of the uniform airgap machine.

27

The details of the stator are given in Appendix A and the details of
the rotor of the uniform airgap machine are given in Appendix B.

2.4.2 Shaped pole machine

Figure 2.4 shows the rotor configuration of the proposed shaped
pole machine.

The shaped pole machine consists of a stator

similar to that of the uniform airgap machine except that the rotor
is shaped to obtain an increasing airgap length towards the
interpolar region.
laminated
shaped pole

flux barrier

non-magnetic
shaft

laminated core
magnet

Figure 2.4 Rotor configuration of the shaped pole machine.

Further details of this shaped pole rotor are given in Appendix C.
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2.5 Conclusion

In this chapter, the torque equation in a rotor reference frame was
presented.

The factors that influence the torque were also

discussed.

It is clear from the discussion that an increase of the

airgap length towards the q-axis of the rotor affects all influencing
factors and leads to an improvement in the performance by
reducing the quadrature axis inductance, saturation effects and
harmonic fields of an IPM machine.

The benefits of reduced

quadrature axis inductance, reduced saturation effects and
harmonic fields were discussed.
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CHAPTER 3

ANALYSIS OF THE PERMANENT MAGNET MACHINES

3.1 Introduction

In this chapter, the methods used for analysis of PM machines are
briefly described.

The particular finite element analysis software

used, and some aspects in relation to finite element modelling of
the uniform airgap and shaped pole IPM machines are presented.
It is evident from the discussion in Chapter 2, that almost all of the
influencing factors that affect the performance of PM machines
have related effects on airgap flux density distribution. Therefore,
information on the exact distribution of flux in the airgap provides
a clear picture of these influencing factors and facilitates in
predicting the machine characteristics in different operating
modes.

Inductances of the machine which represent the effective

saliency of the rotor affect the total torque as well as the
requirements
operation.

on the

power electronics

in variable

speed

In addition, these inductances form a good basis for

comparison of the shaped pole machine with the uniform airgap
machine. Therefore, key subjects to be considered in the analysis
of the IPM machines will be, airgap flux density distributions,
direct and quadrature axes inductances and the variation of static
torque with the load angle.

Thus, the procedures adopted in

computing these quantities of the IPM machines will be described
in this chapter.
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3.2 Methods used for analysis of PM machines

The performance analysis of machines using experimental results
obtained from a working system was a practice in the past. This
has

now become virtually

inapplicable

due

to the rapid

development of machines having increased complexity in geometry
and characteristics of materials used. Equivalent circuits that are
established using experimental data to meet the requirements
have to be used with care.

Models of the electromagnetic

machines in the form of equivalent circuits

always need

assumptions and approximations which limit the validity of such
circuits.

Thus, standard equivalent circuits that are usually

accurate with isotropic and linear characteristics of materials used
in the machines, need further modifications [15,17,25] to cater for
machines possessing anisotropy and nonlinearity.

Experimental

results [17,25] show that the parameters of equivalent circuits of
IPM machines are variable with operating conditions and hence
analysis of performance under different operating conditions is
cumbersome.

A general and more accurate computational

technique used to predict the performance of electric machines is
the finite element method [26].

It takes care of anisotropy and

saturation of magnetic materials, the laminar structure of magnetic
cores, the presence of slots and airgaps, the spatial distribution of
conductors, dielectric materials and influence of frame materials
[27].

In addition finite element methods provide a better

knowledge of space and time distributions of current and magnetic
flux which

are very important for the prediction

of the

performance of PM machines consisting of awkward rotor
geometries.

Application of finite element method in previous
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research [7,14,28] and examination of such results in contrast to
those from experiments proves that finite element method is
highly suitable, particularly in the case of PM machines.

3.3 Finite element analysis software used

Finite element method of analysis has become very convenient due
to the availability of commercial software packages.

In the work

presented in this thesis the complex geometries of the PM
machines including nonlinear materials were tackled using a
software package provided by MacNeal-Schwendler Corporation
(MSC) of USA.

The software package [29] has the capabilities of

two joint programs:
1. MSC/XL - an interactive graphical pre- and postprocessor
designed to be used in conjunction with MSC's finite element
analysis software program.
2. MSC/EMAS - a large computer program which solves
electromagnetic field problems using the finite element method.

3.4 Finite element modelling of the IPM machines

The geometries of the uniform airgap and shaped pole machines
were translated into two dimensional (2-D) finite element meshed
models using the MSC/XL program.

An investigation [30] shows

that, variations in meshing causes co-energy to vary by small
amounts, but the torque values evaluated remain almost the same
when virtual energy approach is used for calculating the torque.
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Sufficient number of elements were used in the critical regions to
model the machine shape more accurately.

Moreover, both

uniform airgap and shaped pole machines were meshed using an
equal number of elements to assure a similar degree of accuracy.
Since details of the airgap flux distributions of the IPM machines
are of interest for the analysis, fine meshes were employed in the
airgap and in the neighbourhood on either side of the airgap. The
geometries and finite element models of the machines are shown
in Figure 3.1 for the uniform airgap machine and in Figure 3.2 for
the shaped pole machine.

Enlargements of the airgap finite

element meshings are shown in Figure 3.3 for the uniform airgap
machine and the shaped pole machine. As seen in Figure 3.3, care
was taken to mesh the airgap so that the common sides of the
elements of the two layers closest to the stator surface were of
equal circumferential length.

This provided an advantage for

rotating the rotor geometry with the associated meshing in 1.25°
steps without having to remesh the airgap every time the rotor is
moved. Secondly, the boundary conditions were imposed with the
assumption that the magnetic field outside the stator periphery are
negligible.

Hence, the outer periphery of stator core was applied

with single-point constraints setting the magnetic vector potential
in Z-direction, Az = 0. The end effects are totally ignored as only
two dimensional modelling is carried out.

Thirdly, the material

properties of various machine parts and spaces between these
parts were imposed on the elements that occupy the respective
sections in the machine geometries.

The final step involved the

excitation of magnets with appropriate coercivity value and slots
with appropriate currents.
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(a) Geometry of the uniform airgap machine

(b) Finite element model of the uniform airgap machine
Figure 3.1 Full 2-D geometry and finite element model of the
uniform airgap machine.
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(a) Geometry of the shaped pole machine

(b) Finite element model of the shaped pole machine
Figure 3.2 Full 2-D geometiy and finite element model of the
shaped pole machine.
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(a) airgap meshing of the uniform airgap machine

(b) airgap meshing of the shaped pole machine

Figure 3.3 Enlargements of the airgap meshing of the models.
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The models were checked as specified to comply with the rules of
MSC/XL/EMAS program for the nonlinear static magnetic field
solutions, which was the first step towards the performance
calculation of the machines.

3.5 Field analysis

Full two dimensional finite element models were analyzed using
the nonlinear static magnetic analysis solution sequence of
MSC/EMAS. Output results available from the analysis are:
- Magnetic flux density, B, for each element in the model.
- Magnetic vector potential, A, at every grid point in the
model.
- Stored magnetic co-energy, Wc (density in each element
and the total for the model).
- Stored magnetic energy, Wm (density in each element and
the total for the model).
The output results were used to calculate the required quantities
such as torques and inductances. Various runs of the models with
different excitations and rotor positions were needed to obtain the
different airgap flux density distributions, to calculate direct and
quadrature axis inductances and various torque components, the
details of which are given in the following sections.
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3.6 Airgap flux density distributions

Finite element results giving the airgap flux density distributions
were obtained directly from the solutions of MSC/EMAS analysis
where the models were run with magnet excitation alone. For flux
density distributions due to magnet, the magnet coercivity was set
Hc = 880,000 A/m which corresponds to a remanent flux density
(Br) of 1.106 (T). In order to evaluate the flux density distributions
due to stator excitations alone the magnet spaces were replaced
with air spaces assuming that the Nd-Fe-B magnets have a second
quadrant B-H curve slope of po (H/m). Flux density distributions
for different rotor positions were obtained from solutions by
repeating the analysis for respective rotor positions. To obtain the
stator excited flux density distributions alone, 3-phase stator
windings were excited with three direct currents Aa = 6 A; is = "
3A; ic = -3A) representing one instant of the respective balanced
sinusoidal

3 -phase

currents, where iA. iB and ic are the currents in

A, B and C phase windings of the stator.

3.7 Determination of direct and quadrature axes inductances

For self inductance calculations only the phase-A winding of the
full 2-D models was excited with a current of

6

A. Thus, currents

in the other two phases were set equal to zero (I3 = Ic = °) and
magnet excitation was also set equal to zero (Hc = 0 A/m).
Separate field solutions were obtained using the models with rotor
d-axis positioned along d-axis and q-axis respectively of the
excited phase winding of stator.

The respective solutions were

then used to calculate the d-axis and q-axis inductances of the
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excited stator phase winding.

Inductance was calculated using 3

approaches described below:

coil sides

Figure 3.4 A flattened arrangement of one coil span of stator
winding.

Figure 3.4 is a flattened arrangement of a single coil of the stator
winding showing slot positions (¿zl,

a2)

of the two coil sides

having vector potentials in the Z-direction. The flux linkage due to
the excited coil is given by Equation (3.1) (29).

'Fcoil = Nlz[Az(al) -

where

^coil

A z( a 2 ) ]

= flux linkage of the coil,

N

= number of turns in the coil,

lz

= axial length of a coil side, and

A z ( a l ) , A z( a 2 )

(3.1)

= Z-component of the vector potentials at the
locations of coil sides.
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The total flux linkage of the winding is the sum of the flux linkages
associated with each of the individual coils connected in series to
form the excited phase winding.

The inductance (L) is given by

Equation (3.2).

L=

(3.2)
Ia

where

Tt = total flux linkage with the excited phase winding,
IA = current in the excited phase winding.

As the airgap flux density distribution due to the excited phase
winding is known from the finite element solutions, according to
Equation (3.3) inductance can also be evaluated by computing the
flux linkage with the entire phase winding.

L = ^ J By dl

where

(3-3)

By = magnitude of the flux density normal to the plane
of the coil, and
dl = infinitesimal length between the coil sides.

If the saturation level of the magnetic core is very low the
inductance of the excited phase winding can also be calculated
using Equation (3.4):

\ L(Ia )2 = Wc

(3.4)
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The inductance evaluation using the magnetic vector potentials as
illustrated by Equation (3.1) is a built-in feature of the MSC
software at the post processing stage. These results were validated
employing the hand calculated values using the approaches
outlined by Equations (3.3) and (3.4).

3.8 Determination of torque

Torque characteristics of a PM machine can best be understood by
considering the static torque which varies with preset phase
winding currents for different rotor positions.

In practice the

resultant torque consists of various components due to the
presence of harmonics, slots and due to effective saliency of the
rotor. In the present work, the resultant torque along with its two
components, cogging torque and a reluctance torque, will be
evaluated for different rotor positions. Finally, the variation of the
total torque with current is determined by establishing the stator
phase winding currents such that these currents produce an mmf
which leads to maximum torque for both machines. The currents
applied to the stator windings are as stated in Section 3.6.

The torque developed was calculated employing the virtual work
principle expressed by Equation (3.5).

~
dWc
le = d0

(3.5)
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where Te = torque,
dWc = change of magnetic co-energy, and
d0 = angular displacement of rotor.

The quantity dWc for torque calculation using Equation (3.5) was
obtained from two runs of the model with rotor positions which
are

1.25° apart.

In order to calculate the cogging torque

component, the model was excited with the field due to magnets
alone. Reluctance torque component was determined by replacing
the magnet by air and exciting the stator phase windings with
currents. For calculation of the total torque the model was excited
with both rotor magnets and stator currents.

3.9 Conclusion

This chapter briefly discussed some methods which have been
employed to analyse the behaviour of IPM machines highlighting
the finite element method.

From the past research it is apparent

that finite element analysis results are more accurate and are in
close agreement with experimental results.

Hence it is highly

suitable for analysis of IPM machines having complex rotor
geometries.

The modelling of the two IPM machines and

procedures used to determine the various quantities of importance
have also been presented.
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CHAPTER 4
AIRGAP FLUX DISTRIBUTIONS AND INDUCTANCES OF
UNIFORM AIRGAP AND SHAPED POLE MACHINES

4.1 Introduction

The instantaneous torque, the average and pulsating torques
developed by permanent magnet machines primarily depend on
the airgap flux density wave [31].

The inductances of an IPM

machine also influence the behaviour of power electronic system
driving the machine.

This chapter details the variations of the

airgap flux density wave which arise when the airgap length
towards the q-axis of the rotor of IPM machine is increased in
comparison to the airgap length along the d-axis. The airgap flux
density waves due to the magnets and the stator excitation, for
both uniform airgap and shaped pole machines are presented. The
different wave shapes observed by shaping the airgap profile are
compared to predict the advantages.

The direct and quadrature

axes inductances are also calculated using different methods, as
outlined in the previous chapter, for both shaped pole and uniform
airgap machines. The effects of saturation on these values due to
the presence of magnets are also considered.

4.2 Development of the shaped pole machine and the flux density
distribution due to magnets alone

In order to develop the airgap profile of the shaped pole machine,
a number of continuous flux paths associated with the magnet
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excitation alone are considered in the magnetic circuit of the
uniform airgap machine.

Figure 4.1 A continuous flux path associated with the magnet
excitation alone.
A simplified magnetic circuit containing permanent magnets is
shown in Figure 4.1 (ignoring slots) by the 1/4 model of the 4-pole
machine.

For the continuous flux line shown in Figure 4.1, the

following equation can be written:

2HC gm = 2Hmgm +2Haga +Fml

where

He

= coercivity of magnets,

gm

= thickness of a magnet,

ga

= airgap length between rotor and stator,

Hm

= field intensity in magnet,

Ha

= field intensity in airgap, and

pmi

= mmf drop in the ferromagnetic paths
associated with the rotor and stator core.

(4-D
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Since the permeability of Nd-Fe-B magnets is almost equal to that
of air and assuming negligible mmf drops in the ferromagnetic
paths, Equation (4.1) can be rewritten as:
B ga = (Br - Bm)gm
where

Br

= remanance of magnet,

Bm

= flux density in the magnet, and

B

= flux density in the airgap.

(4.2)

Finite element simulation of the uniform airgap machine reveals
that the airgap flux density distribution due to magnets alone is
nearly uniform except for the modulation effect due to the
presence of stator slots.

For the uniform airgap machine under

investigation, the corresponding radial component of flux density
distribution in the airgap over a pole pitch is illustrated by Figure
4.2. The square flux density wave due to magnets alone obtained
for the uniform airgap machine has a peak magnitude Bp = 0.59T
which provides a fundamental component having an amplitude
0.75T (ignoring the effects of slots). The fundamental component
of this square wave can therefore be established as:
B = 0.75 SinG

(4'3)

where 0 = electrical angle
The shaped pole machine is to be designed to give the airgap flux
density distribution given by Equation (4.3) while maintaining the
d-axis airgap length of both uniform airgap and shaped pole
machines the same.

45

0
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180

Angular position (Electrical degree)

Figure 4.2 Radial component of airgap flux density distribution of
the uniform airgap machine.

An increase of the airgap length in any continuous flux path as
shown in Figure 4.1 will reduce the flux along that path and
squeezes the flux to other paths having relatively lower reluctance.
This squeezing of flux yields an increased airgap flux density
towards the d-axis for increasing airgap lengths towards q-axis of
the rotor.

As a first approximation, it is assumed that the

squeezing of flux does not lead to a significant reduction of flux per
pole in the shaped pole machine in comparison to that of the
uniform airgap machine. This assumption has been later verified
to be approximately true.

Hence, the reduction of the total flux

passing through the magnet due to shaping of the airgap profile is
also insignificant. Based on this argument it is also assumed that,
for a particular model, the flux density (Bm) along the d-axis within
the magnet is uniformly distributed.

This assumption was also

found to be valid from the finite element simulation results.
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As Bm was assumed to be uniformly distributed inside the magnet,
for different flux paths in the proposed shaped pole machine,
Equation (4.2) can be rewritten in the form:
B ga = (Br - Bm)gm = K

(4.4)

where K= constant for a particular model of the permanent
magnet machine.
As the value of Bm is constant for a particular model, the value of K
was calculated using the term B ga of Equation (4.4) as the peak
value of airgap flux density expected for the shaped pole machine
along the d-axis of the rotor is 0.75T, for an airgap length of 0.838
mm.

Equations (4.3) and (4.4) can now be employed to calculate

the values of ga at different angular positions 0 at the airgap. The
calculated airgap profile is given in Table Cl of Appendix C.

Figure 4.3

Radial component of airgap flux density distributions for
the calculated airgap profile of the machine due to
magnets alone.
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The flux density distribution of the model having the above
calculated

airgap

profile

is

shown

in

Figure

4.3.

The

corresponding ratio of q-axis to d-axis inductance was found to be
3.97. It is evident from Figure 4.3 that the peak value of airgap flux
density wave is slightly more than the required value which is
0.75T.
Further investigations were carried out to examine the effect of
variation of the airgap profile on the flux density wave.

Figures

4.4(a) and (b) illustrate the airgap flux density distributions
together with the corresponding Lq/Ld ratios resulting from
further increase of airgap lengths towards the quadrature axis
while keeping the direct axis airgap length the same at 0.838 mm.
It is clear that although there is a reduction in the Lq/Ld ratio with
increase of airgap lengths towards the q-axis, the flux density level
has considerably increased along the d-axis which is not favourable,
especially as the teeth will be saturated.

In the shaped pole

machine the emphasis is to maintain lower saturation level, a near
sinusoidal airgap flux density wave and a reduced Lq/Ld ratio. For
these reasons, further adjustments were carried out to the airgap
profile by changing the airgap lengths towards the q-axis.

The

shaped pole machine having the modified airgap profile given in
Table C2 of Appendix C gives a peak flux density of 0.75T as
illustrated by Figure 4.5.

As seen the shaped pole machine provides a near sinusoidally
distributed airgap flux density wave [Figure 4.5], almost equal to
the fundamental component of the flux density wave obtained for
the uniform airgap machine ignoring the effects of stator slots.

Radial flux density (T)
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Angular position (Electrical degree)

Angular position (Electrical degree)

(a) Lq/Ld = 2.86

(b) Lq/Ld = 2.29

Figure 4.4 Radial component of airgap flux density waves due to
magnets alone.

0.0
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(b)

Shaped pole machine

Figure 4.5 Radial component of airgap flux density distribution of
the shaped pole machine due to magnets alone after
adjustments to the airgap profile.

Flux density (T)
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Figure 4.6 FFT spectra of the flux density waves.
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Figure 4.6 shows the FFT spectra of the flux density waves given in
Figure 4.2 for the uniform airgap machine and Figure 4.5 for the
shaped pole machine. It is evident from Figure 4.6 that the shaped
pole

machine

approximately

maintains

the

fundamental

component of the flux density wave obtained for the uniform airgap
machine reducing the low order space harmonics significantly,
leading to a reduction in the ripple torques and core losses.

A

reduction of harmonic content from the magnet flux wave reduces
the pollution of stator current supply as well.

It has to be noted

that ripple torque could be completely eliminated if the stator or
rotor (or preferably both) provided a perfectly sinusoidal spatial
distribution of mmf [32].

The stator may be induced with

harmonics arising from different sources such as unbalanced
supply phases or induced harmonic currents.

These harmonics

may not be avoided in the stator. However, the rotor produced flux
density waves are not affected by any induced currents as there are
no windings in the rotor. Therefore, establishment of a sinusoidal
flux distribution by shaping the rotor airgap profile is a real
advantage.
4.3 Airgap flux density distribution due to stator excitation alone

The radial component of the airgap flux density distributions
observed close to the stator teeth over a complete pole pitch of the
stator are shown in Figure 4.7 for both uniform airgap and shaped
pole machines.

These flux density distributions were obtained

with winding currents, iA = 6 A, ¡b = -3 A, ic = -3 A, with the rotor
d-axis aligned with the axis of the resultant stator field.

Once

again, the effect of slots on the flux density waves is evident from
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these graphs.
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(b)

Shaped pole machine

Figure 4.7 Radial component of airgap flux density waves due to
stator excitation for rotor d-axis aligned with the axis
of resultant stator field.

Figure 4.8 Arrow plot showing the flux densities for the uniform airgap machine.
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Figure 4.9 Arrow plot showing the flux densities for the shaped pole machine.
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The flux distribution as shown in Figure 4.7 appears to be more
sinusoidal in the case of the shaped pole machine than in the
uniform airgap machine. The negative polarity of the flux density
wave in the interpolar region due to the pole to pole leakage flux
through stator teeth and the slot leakage flux are further illustrated
by the flux plots of Figure 4.8 for the uniform airgap machine and
in Figure 4.9 for shaped pole machine.

In these flux plots, the

colour range indicates the various flux density levels assigned to
the arrows.

The flux due to stator excitation entering the rotor

pole experience higher reluctance in the direct axis path due to
low permeability of the magnet spaces and attempts to pass
through the pole edges crossing the airgaps via stator teeth to the
adjacent pole, which is known as pole to pole leakage flux. This
pole to pole leakage seems to be insignificant in comparison to slot
leakage.

This concentration of flux at the interpolar region leads

to localized saturation of the rotor pole tips and stator teeth
causing the distortion of the airgap flux density waves especially at
high current levels. Existence of slot leakage fluxes is also evident
from the flux plots. It can be observed from the graphs of Figure
4.7 that leakage fluxes are reduced significantly in the case of the
shaped pole machine due to the increase in the airgap towards the
quadrature axis of the rotor.

Figure 4.10 represents the radial component of the airgap flux
density waves over a complete pole pitch of the stator of both
uniform airgap and shaped pole machines with rotor q-axis aligned
with the axis of the resultant stator produced field.

The stator

current levels were iA = 6 A, is = -3 A, ic = -3 A. The larger dips
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Figure 4.10 Radial component of airgap flux density waves due to
stator excitation for rotor q-axis aligned with the axis
of resultant stator field.
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towards the middle of the waves are due to presence of the flux
barrier of the rotor. It can be observed that the magnitude of the
airgap flux density is reduced due to the shaping of the rotor. The
flux density wave appears to be more sinusoidal in the case of the
uniform airgap machine than for the shaped pole machine.
Improvement in the machine performance presented in the next
chapter shows that this difference in the flux density distributions
is of no significant contribution to the overall benefit due to the
shaping of the rotor.

4.4 Direct and quadrature axes inductances

The direct and quadrature axes inductances of the machines were
calculated employing the three different methods described in
Section 3.7 of Chapter 3. Figure 4.11 shows the radial component
of the airgap flux density distributions observed close to the stator
airgap surface, due to single phase excitation for both uniform
airgap and shaped pole machines.

The method outlined by

Equation (3.3) of Chapter 3 for the calculation of inductance
employed the above flux density curves. The direct and quadrature
axes inductances of the excited windings are presented in Table
4.1.

It has to be noted that these values exclude any inductance

due to end winding sections, as only 2-D finite element modelling
was used. It can be observed from Table 4.1 that the inductances
obtained using the different methods are similar in their values. It
is also evident that at the specified current level of IA = 6 A, the
non-linearity is not significant as the energy method gives results
which are close to what the vector potential approach has given.
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Figure 4.11

Flux density distributions due to stator A-phase
winding current (Ia = 6 A).
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Method of
calulation

Uniform airgap
machine

Shaped pole
machine

Ld (H)

Lq (H)

La(H)

Lq (H)

Using magnetic
vector potentials

0.0124

0.0661

0.0106

0.0443

Using flux linkages

0.0112

0.0653

0.0100

0.0428

Stored magnetic
energy approach

0.0124

0.0655

0.0107

0.0442

Table 4.1

Direct and quadrature axis inductances of the excited
phase winding.

The quadrature axis inductance to direct axis inductance ratio for
the uniform airgap machine is 5.33. The same ratio for the shaped
pole machine is 4.18.

This corresponds to a reduction of the q-

axis inductance by nearly 33% for the shaped pole machine in
comparison to the uniform airgap machine.

As stated before in

Section 2.3.5 of Chapter 2, this reduced value of Lq is beneficial
from an inverter rating point of view.

The direct axis inductance is of no direct relevance to the
permanent magnet machine under consideration as it is expected
to use id = 0 method for its control.

Further, the direct axis

inductance is less affected by saturation due to the magnet flux or
any id if present, as the magnet space is equivalent to a large
airgap. Thus, further attention was paid only to the quadrature axis
inductance of the machines under consideration.
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The quadrature axis inductance was evaluated at different current
levels for both the uniform airgap and shaped pole machines to
investigate the effect of increased iq on the quadrature axis
inductance.

In practice the presence of flux due to permanent

magnets can be expected to affect the above values which were
calculated in the presence of q-axis stator currents only.

Hence

the q-axis inductance was also calculated considering the presence
of magnets.

In order to calculate the q-axis inductance in the presence of
magnets it was assumed that the contribution to the total airgap
flux density distribution due to magnets is not affected due to
stator excitation. Hence the net flux linkage with A-phase winding
due to the current in the presence of saturation caused by magnet
flux was determined by arithmetically subtracting the flux linkage
due to magnets alone from the flux linkage produced by both the
stator current and magnets.

The q-axis inductance was then

calculated using the net flux linkage with the A-phase winding
employing Equation (3.3) of Chapter 3. It has to be noted that the
q-axis stator A-phase winding sees almost no net flux due to the
magnets alone although the presence of magnets affect the q-axis
inductance. The variations of the quadrature axis inductance of the
excited phase winding with current in the presence and absence
of magnet excitations are presented in Figure 4.12.

It clearly

shows that the shaped pole machine continues to offer a reduced
quadrature axis inductance over the current range considered, in
comparison to the uniform airgap machine, in the absence or
presence of saturation due to magnet flux.
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Figure 4.12 Variation of quadrature axis inductance of excited
phase winding with current.

As stated before in Section 2.3.5 of Chapter 2, in vector control
employing

id = 0 method, it is a desirable feature that the

quadrature axis inductance be as small as possible so that the
machine will respond to changes in quadrature axis current as
quickly as possible. For fast current control using id = 0 method,
the more relevant aspect would be the incremental inductance,
which is seen to take low levels for the shaped pole machine even
at higher current levels.

4.5 Conclusion

In this chapter, the concepts underlying the development of the
airgap profile of the shaped pole machine were described.

The

airgap flux density distributions due to different excitations have

61

been presented for both IPM machines.

The inductances of the

two machines and their variation with current were presented.
The effect of magnet flux on the quadrature axis inductance was
also considered.

Comparison of the flux density waves as well as

inductances were made to illustrate the improvement achieved
due to shaping of the airgap profile.

On the basis of the

improvement in the airgap flux density waves as well as in
inductances, some advantages of the shaped pole machine in
vector control operation have been highlighted. It is clear that the
shaped pole machine will offer better performance in variable
speed operation employing vector control, in comparison to the
uniform airgap machine.
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CHAPTER 5
SOME PERFORMANCE CHARACTERISTICS OF THE
UNIFORM AIRGAP AND SHAPED POLE MACHINES

5.1 Introduction

With the availability of various control methodologies which are
applicable to PM machines, it is important to select the optimum
method of control to suit a given machine for a particular
application.

Torque characteristics of a machine is one of many

criteria needed to evaluate its performance.

In this chapter,

various torque characteristics of the shaped pole machine and the
uniform airgap machine are presented and compared.

The

advantages arising from the improvement of various torque
characteristics are described in respective sections of this chapter.
The magnetizing and demagnetizing effects on the magnets of the
two machines for increased current levels are also provided.

5.2 Cogging torque

Slotting effect causing cogging and ripple torques is always
included in torque evaluations by two dimensional finite element
method.

The effect of skewing of slots or magnets can only be

taken care of in finite element modelling if three dimensional (3
D) models are used.
present work.

Such 3-D modelling was not adopted in the

The variation of cogging torque is calculated for

rotor positions within one slot pitch which is 200 (Electrical) as
illustrated in Figure 5.1.

Figure 5.2 shows the cogging torque
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characteristics for the uniform airgap and shaped pole machines
obtained using 2-D models described in Chapter 3.
20°

10°

0°
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z

\ z

\ z
d-axis of rotor

Figure 5.1 Rotor movement from middle of a tooth.
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Angle (Electrical degree) from middle of a tooth

Figure 5.2

Cogging torque.

Comparison of cogging torques for the two machines clearly
indicates that this torque has been reduced considerably due to
the shaping of the rotor although the stator slots are unskewed. If
the stator slots are skewed the cogging torque can be expected to
reduce further for the shaped pole machine in comparison with
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the uniform airgap machine.

In the case of the uniform airgap machine the flux density under a
tooth in the airgap is nearly uniform. In this machine the cogging
torque arises primarily due to the sharp change of the airgap flux
density under the teeth at the edges of the poles of the rotor as
the rotor is moved.

In the case of the shaped pole machine the

airgap flux density under a tooth experiences a smooth variation.
Further, towards the edges of rotor poles the flux density is also
quite small in comparison to those levels present in the uniform
airgap machine. Therefore the shaped pole machine does not see
sharp changes of airgap flux density levels as the rotor is moved,
leading to significantly reduced cogging torque.
Cogging torque is pulsating in nature resulting in positioning
inaccuracy of the rotor leading to difficulties in achieving
instantaneous torque control.

Therefore, reduction of cogging

torque is an advantage in high performance applications of the
proposed shaped pole machine.

5.3 Reluctance torque due to stator excitation

The reluctance torque characteristics due to stator excitation for
both uniform airgap and shaped pole machines are shown in Figure
5.3.

Comparison of the two reluctance torque characteristics

illustrates that the magnitude of reluctance torque is reduced
significantly due to shaping of the rotor. As explained in Section
2.3.5 of Chapter 2, this reduction of reluctance torque can be
considered as an effective increase in the total torque.
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(a) Reluctance torque of the uniform airgap machine
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Load Angle (Electrical degree)

(b) Reluctance torque of the shaped pole machine.
Figure 5.3 The reluctance torque characteristics due to stator
excitation for uniform airgap and shaped pole
machines.

From Figure 5.3(a) and (b) it is seen that the reluctance torque for
the uniform airgap machine exhibits significant pulsations in
comparison to the shaped pole machine.

Figure 4.7(a) and (b) of

Chapter 4 illustrates the symmetrically distributed flux density
waves over a stator pole due to the stator currents Ua = 6 A, ie = -3
A,

ic = -3 A) for load angle, 8 = 0° electrical. This 5 = 0° position is

illustrated diagrammatically by the 1/4 model of the permanent
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magnet machine shown in Figure 5.4, with coil sides of phase-A
and the position of the flux barrier.

Figure 5.4 The position of a stator coil sides of phase-A and flux
barrier for 5 = 0° electrical.

As the rotor is moved from 8 = 0° to 5 = 90° electrical position, the
movement of the flux barrier with respect to the stator field leads
to changes in the flux density distributions illustrated by Figures
5.5(a) [5 = 20°] and 5.5(b) [5 = 50°] for the uniform airgap machine.
The corresponding curves for the shaped pole machine are shown
in Figures 5.6(a) and 5.6(b).

As the pole edges of the uniform

airgap machine pass the stator teeth the flux density levels at the
pole edges experience large changes leading to significant torque
pulsations. In the case of the shaped pole machine the flux density
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levels at the pole edges experience relatively small and smooth
changes due to the presence of shaped airgap leading to almost no
pulsations in the reluctance torque.

' 0
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180

Angular position (Electrical degree)

(a)

Load angle 20° (Electrical)

Angular position (Electrical degree)

(b) Load angle 50° (Electrical)
Figure 5.5 Radial component of airgap flux density distribution of
the uniform airgap machine due to stator excitation
alone.
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(b) Load angle 50° (Electrical)

Figure 5.6 Radial component of airgap flux density distribution of
the shaped pole machine due to stator excitation alone.

69

5.4 Total torque
5.4.1 Variation of total torque with rotor position

The variation of total torque with rotor position for the uniform
airgap and shaped pole machines are given in Figure 5.7.
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100

Load Angle (Electrical degree)

(a)

(b)

Total torque of the uniform airgap machine

Total torque of the shaped pole machine

Figure 5.7 Variation of total torque with rotor position for
uniform airgap and shaped pole machines.
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The variation of total torque shown in Figure 5.7 illustrates that the
shaped pole machine has significantly reduced pulsations in the
torque versus load angle relationship in comparison to the uniform
airgap machine. The above pulsations can be primarily attributed
to the changes associated with the flux density distribution at the
edges of the poles as the load angle varies.

The flux density

distribution takes place in a far more complex manner when
magnets and stator excitations are present both together.

The

distribution of total flux density over a stator pole are illustrated by
Figures 5.8, 5.9, 5.10 and 5.11 for the load angles 60°, 70°, 80°
and 90° respectively for both uniform airgap and shaped pole
machines.

From

these

curves

the

demagnetizing actions are clearly evident.

magnetizing

and

the

Considering the pole

edges which are subjected to magnetization it is clearly evident
that these undergo significant flux density changes, leading to
pulsations in the total torque.

In the case of the shaped pole

machine the magnetized pole edges do not experience large
changes in flux density levels leading to relatively insignificant
pulsations in the torque versus load angle curve. It is seen that the
total torque of the shaped pole machine is higher than that for the
uniform airgap machine for most of the load angles in the range 0
to 90°.

Further, it is seen that, at a load angle of 90° the torque

produced by the shaped pole machine is much higher than that
produced by the uniform airgap machine.

It is evident that the

shaped pole machine will offer better torque characteristics in
both variable speed operation and also in single speed operation in
comparison to the uniform airgap machine.
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Figure 5.11 Radial flux density distribution for load angle = 90°
(Electrical).

5.4.2 Variation of total torque with current
Considering Figure 5.7 it seems reasonable to compare the two
machines by taking torque produced by the uniform airgap
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machine at a load angle of 80°, with the torque produced by the
shaped pole machine at a load angle of 90°. This criteria will be
used to compare the two machines at current levels higher than
the rated current.

0

10

20

30

40

Current (A)

Figure 5.12 The variation of total torque with current for
uniform airgap and shaped pole machines.

Variation of the total static torque with current for both uniform
airgap and shaped pole machines are presented in Figure 5.12.
From the results illustrated in Figure 5.12 it can be observed that
both machines produce torques of similar magnitude at current
levels near the rated value, but at higher current levels the shaped
pole machine becomes superior while maintaining a linear torque
versus current relationship.

The dynamic response characteristics of the variable drives is also
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dependent upon the change of saturation level of the magnetic
circuit of the machine.

In an investigation [33] it has been found

that in the operation of IPM machines with the vector control
method, the response of the drives was seriously affected by the
effects of variable saturation during field weakening. Variation of
total static torque characteristics shown in Figure 5.12 reflects the
effects due to saturation of uniform airgap and shaped pole
machines

at

higher

current

levels.

The

linear

torque

characteristics of the shaped pole machine illustrates that the
shaped pole machine is affected less by the magnetic saturation
than the uniform airgap machine.

5.5 Demagnetizing effect on permanent magnets at higher current
levels

The resultant airgap flux density distributions due to the
permanent magnets and stator excitations over a complete rotor
pole at rated current for a load angle of 90° are shown in Figure
5.13 for both uniform airgap and shaped pole machines. From the
results illustrated in Figure 5.13, it is clear that the airgap flux
density level increases (magnetizing effect) above the leading pole
tip and decreases (demagnetizing effect) above the trailing pole tip
due to the reaction of stator current. The increase of flux density
in the leading pole tip saturates the iron core where this effect is
less in the case of shaped pole machine.

The demagnetization

occurs in the trailing pole tip of the machine where the magnet on
that side is under the influence of demagnetization which can be
severe at higher stator current levels.
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(a)

Uniform airgap machine

Angular position (Electrical degree)

(b)

Shaped pole machine

Figure 5.13 Resultant radial airgap flux density distribution due to
magnet and stator excitations over a rotor pole.
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Demagnetizing effect on the magnets due to higher stator current
levels was also investigated at a load angle of 90° for the IPM
machines in order to examine the variation of magnet operating
point.

Each permanent magnet was meshed using two layers in

the finite element models described in Chapter 3 as further
detailed in Figure 5.14.
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Figure 5.14 Meshing of the permanent magnet in the finite
element models of uniform airgap and shaped pole
machines.

The demagnetizing effect on the magnets due to stator currents
are presented in Figure 5.15 which shows the variation of magnet
flux density in different regions of the permanent magnet, with a
stator current five times the rated current.

From the results illustrated in Figure 5.15 it is evident that the
operating point of the magnet varies in different regions of the
permanent magnet due to the flow of stator current.

The

demagnetizing effect in the case of the uniform airgap machine is
more than the shaped pole machine. There is however no serious
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(a)

Flux density for upper layer of the magnet

(b)

Flux density for lower layer of the magnet

Figure 5.15 The variation of flux density of the permanent magnet
with a stator current five times the rated current.

demagnetization of the magnet as the operating points indicated by
the flux density curves in Figure 5.15 are quite close to remanent
flux density level of the Nd-Fe-B magnets. Therefore, the magnets
in both machines will maintain their original characteristics.
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5.6 Conclusion

In this chapter, various torque characteristics were presented. A
comparison of different components of the torque characteristics
were discussed and it has been shown that the developed torque of
the shaped pole machine is better than that by the uniform airgap
machine.

The magnetizing and demagnetizing effects due to the

stator excitation were discussed and it has been shown that the
resultant airgap flux density distribution varies from leading pole
tip to the trailing pole tip of the rotor.

The magnet operating

point at different areas of the magnet were discussed and the
magnet has been shown to retain its original recoil line
characteristics even at higher stator currents.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

6.1 Conclusions

In high performance applications such as machine-tools feed
drives, manipulators and industrial robotics, the motors employed
are expected to possess specific features.

These include

compactness, high torque capability, smooth torque production
and variable speed operation.

Vector controlled permanent

magnet motors will continue to play a major role in such high
performance applications.

The work presented in this thesis was aimed at improving the
performance characteristics of an existing type of permanent
magnet machine. In these investigations a conventional radial flux
machine having interior magnets was taken as the bench mark.
Improvements to this machine has been made by shaping the rotor
airgap profile so that the length of the airgap is more towards the
quadrature axis in comparison to the airgap length along the direct
axis. It was shown that the new machine has a reduced quadrature
axis inductance in comparison to the uniform airgap machine
(bench mark).

In vector control of the new machine using id = 0

method [18], the reduced quadrature axis inductance would be a
major advantage as the quadrature axis current can be controlled
quickly making the machine fast responding.

This reduced
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quadrature axis inductance will also lower the voltage requirement
on the current controlled inverter [18].

The total torque characteristics of the new machine was shown to
be superior in comparison to the uniform airgap machine.

The

linear torque versus current relationship observed upto a current
of 5 times the rated current is also a significant aspect, a feature
which is usually exhibited by surface mounted magnet machines. It
was also shown that the cogging torque is significantly reduced in
the new machine in comparison to the uniform airgap machine.

6.2 Recommendations for future work

The prototype machines (both uniform airgap and shaped pole
machines) have to be tested to verify the results presented in this
thesis.

Further investigations are required to establish the level of torque
pulsations exhibited by the new machine when vector control is
applied.

Further investigations may also be carried out to examine the use
of a solid-iron pole cap [13] instead of a laminated pole cap. The
machining and assembly of a solid-iron pole cap is relatively less
complicated in comparison to the use of a laminated pole as in the
prototype machines which are being built.
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A suitable vector controlled drive system has to be designed, built
and tested to evaluate the steady-state and dynamic performance of
the new machine.

In parallel to the above work, further optimization work is
required to improve the performance of the new machine.

This

work may require determining the optimum dimensions of the
magnetic circuit of rotor to maximise the machine performance.
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APPENDIX A

Stator details of uniform airgap and shaped pole machines:

Axial Length of stator core

= 77 mm

Number of slots

= 36

Number of slots per pole per phase

=3

Number of poles

=4

Stator winding

= 3-phase

Number of layers

=2

Number of turns in a coil

= 18

Coil pitch (in slots)

= 7 slots

Rated peak value of sinusoidal phase current

= 6 A/phase

Dimensions related to the stator are given in Figures A1 and A2.
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Figure A l

Stator dimensions.

8 mm

Figure A2

Stator slot dimensions.

APPENDIX B

Rotor details of the uniform airgap machine:

Length of the rotor

= 77 mm

Number of poles

=4

Magnet material

= Neodymium-Iron-Boron

Flux barrier

= Air

Rotor dimensions are as given in Figure Bl.
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80.43054 mm
62.1176 mm

Figure B1

Rotor dimensions of the uniform airgap machine.
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APPENDIX C

Calculated airgap profile employing Equations (4.3) and (4.4) of
Chapter 4

Table C l gives the distances of the rotor surface from the centre of
the rotor.
Angle measured
from the d-axis
of the rotor
(Mechanical degree)
00.00

Distance from
the centre of
rotor (mm)
64.2495
64.2495
64.2475
64.2435
64.2382
64.2301
64.2218
64.2097
64.1973
64.1819
64.1646
64.1439
64.1221
64.0962
64.0656
64.0330
63.9945
63.9531
63.9039
63.8503
63.7863
63.7123
63.6295
63.5325
63.416
63.2763
63.105
62.8977
62.642
62.3066
61.8479
61.502

01.25
02.50
03.75
05.00
06.25
07.50
08.75
10.00
11.25
12.50
13.75
15.00
16.25
17.50
18.75
20.00
21.75
22.50
23.75
25.00
26.25
27.50
28.75
30.00
31.25
32.50
33.75
35.00
36.25
37.50
38.75

Table C l
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Rotor details o f the shaped pole machine

Table C2 gives the distance between the various points as shown in
Figure C l on rotor surface from the centre of the rotor.

Other

specifications of the rotor are the same as for the rotor of the
uniform airgap machine.

Number of
the point

1
2
3

4
5

6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
o r

27

28
29
30
31
32

Angle m easured
from the d-axis
of the rotor
(M echanical degree)
00.00
01.25
02.50
03.75
05.00
06.25
07.50
08.75

10.00
11.25
12.50
13.75
15.00
16.25
17.50
18.75
20.00
21.25
22.50
23.75
25.00
26.25
27.50
28.75
30.00
31.25
32.50
33.75
35.00
36.25
37.50
38.75

Table C2

Distance from
the centre of
ro to r (mm)

64.2495
64.24116
64.23308
64.22369
64.21036
64.19788
64.18304
64.16653
64.15094
64.13302
64.11391
64.09585
64.0776
64.05641
64.03643
64.0177
63.99529
63.97295
63.95054
63.89856
63.84023
63.79491
63.75802
63.72181
63.67878
63.62631
63.55718
63.45665
63.32575
63.15567
62.92479
62.63794
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Figure C l

1/2 of the shaped pole showing various points on its
surface.

